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Each electromagnetic field configuration of a vertical-cavity surface emitting laser (VCSEL) possesses two orthogonal TE pollarization states which can share the laser output power. What governs the competition between these eigen polarksations in the absence of an intentional gain [l] or cavity [2] anisotropy is unclear. Furthermore, maintaining a single polarization for all devices in a wafer will be critical for the deployment of VCSELs in polarization-sensitive applications. We show the partitioning of power between the orthogonal polarization modes is correlated with the spectral alignment of the cavity resonance of each polarization state with the laser gain spectrum. Based on our findings, a simple means to sustain a single polarization in VCSEL arrays is described.
We have performed the first extensive polarization-resolved light intensity vs. current &-I) measurements for MOVPE and MBE grown gain-guided ion implanted VCSELs over a wide operating temperatm range. The spectral splitting between {be eigen polarizations were also determined using a scanning Fabry-Per& interferometer. InGaAs and GaAs quantum well 15 pn diameter VCSELs designed for 950 and 850 nm emission, respectively, were included in our study. InGaAs VCSELs, grown by MOVPE on misoriented substrates, possess eigen polarizations that are alwavs aligned along the 4 1 0 2 crystal directions (denoted as 0" and 90") over a wide range of temperature.
In contrast the GaAs VCSELs, grown by MBE on (100) substrates, exhibit eigen polarizations which are randomly oriented in the plane of the quantum wells and vary with operating temperature [3]. For the InGaAs VCSELs, both quantum well strain and the misoriented substrate likely contribute to the crystallographic polarization alignment. Figure 1 shows the room temperature L-I curves of InGaAs VCSELs from various locations in one wafer. This MOVPE wafer was not rotated during growth, producing a 5% variation of layer thickness and thus cavity resonance, but only a 1% change in the maximum gain wavelength, along the direction of gas flow. The dominant Gaussian mode polarization varies with location on the wafer as shown in Fig. 1 . In Fig. 2 we plot the threshold current, Ith, and threshold wavelength vs. wafer position. Near the "thick" front edge of the wafer, corresponding to blue-shifted gain relative to the cavity resonance, the 90" eigen polarization is dominant. Conversely, at the opposite "thin" end of the wafer, corresponding U, red-shifted gain, the 6)" eigen polarization is dominant. In between near the wafer region exhibiting the minimum Ith, the 90' state initially dominates at threshold until an abrupt switching transition where upon the opposite state prevails before the emergence of higher order transverse modes.
In Fig. 3 we plot Ith vs. substrate temperature for a GaAs VCSEL. Fig. 3 is similar to Fig. 2 in that the spectral mismatch between the cavity resonance and gain is adjusted by their noncommensurate thermal shifts rather than growth nonuniformity. Again we observe that the eigen polarizations are each dominant on opposite sides of the minimum Ith, separated by a region of polarization switching [3]. The inset shows the room temperature spectral splitting of the polarized Gaussian modes for the laser characterized in Fig. 3 . The two peaks in the inset, which correspond to the two eigen polakzations, are separated by 0.23 A under the condition of no applied stress.
The polarization power partitioning and the I& dependence on wafer location or substrate temperature are both related to the relative spectral alignment of the cavity resonance of each polarization mode with the laser gain. In Figs. 2 and 3 the iminimum I& occurs at the wafer location or substrate temperature where the cavity resonance and laser gain are opitimally aligned. When the gain is blue-or red-shifted relative to the cavity resonance, greater injection is required to achieve lasing. Due to the spectral splitting of the fundamental polarization states, under the condition of blue-shifted gain, the shorter wavelength eigen polarization will enjoy enhanced gain overlap, while for red-shifted gain, the longer wavelength eigen polarization will dominate. Moreover, near gain/cavity resonance alignment, the doininant polarization should abruptly switch by 90" as the gain sweeps through the resonances of the polarization states due to ohmic heating with increasing current injection. Polarization switching is seen explicitly for the Gaussian mode and higher order modes in Fig. l(b) .
The kinks swn in the total output power curves in Fig. 1 (denoted with arrows) indicate the onset of a higher order mode. Note that when the gain is red-shifted relative to the cavity resonances as in Fig. l(a) , the higher order mode tends to be orthogonally polarized to the fundamental, presumably to better utilize the gain [4]. However, for sufficiently blue-!;hifted gain, the higher order mode arises with the same polarization as the fundamental as in Fig.   l(c) . This indicaites that spectral hole burning is perhaps of greater consequence under the condition of red-shifted gain. Further, with the tradeoff of higher Ith, VCSEL arrays with each element having its gain blue-shifted 2 20 nm from the cavity resonance will provide a single dominant polarization through the onset of multi-mode operation. For array polarization uniformity, it is crucial that the cavity resonances do not span the gain peak maximum. From examination of several GaAs VCSEL wafers, we find the polarization spectral splitting, such as shown in the inset of Fig. 3 , varies only slightly between devices on a given sample, but can be 0.6 to A for different samples. Interestingly, the sample with the smallest polarization splitting still exhibits the polarization gain-dependence to the same degree as discussed above. We also find that locally applied stress can effect both the splitting as well a s the power partitioning [ 11 between the eigen polarizations. We will further discuss polarization strain effects and describe the application of polarization switching in novel VCSEL structures.
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